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ABSTRACT: We developed a strategy that transforms 
phosphor down-converting white light sources from low- 
power systems into efficient high-power ones. To incorporate 
multiple phosphors, we generalized and extended a phosphor 
layer model, which we term CCAMP (color correction analysis 
for multiple phosphors). CCAMP describes both the scattering 
and saturation of phosphor materials and allows modeling of 
different layered structures. We employed a phosphor mixture 
comprising YAG:Ce and K,TiF,:Mn** to illustrate the 
effectiveness of the model. YAG:Ce’s high density and small 
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particle size produce a large amount of scattering, while the long (4.8 ms) photoluminescent lifetime of K,TiF,:Mn* results in 
saturation at high pump power. By incorporating experimental photophysical results from the phosphors, we modeled our system 
and chose the design suitable for high-power applications. We report the first solid-state phosphor system that creates warm 
white light emission at powers up to S$ kW/ cm’. Furthermore, at this high power, the system’s emission achieves the digital 
cinema initiative (DCI) requirements with a luminescence efficacy improvement of 20% over the stand-alone ceramic YAG:Ce 


phosphor. 
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ince the late 2000s, traditional incandescent and fluorescent 
lighting have been increasingly supplanted by solid-state 
white light technology, which offers superior power efficiencies, 
low energy consumption, and long operation lifetime." These 
benefits have led to applications in a wide range of areas, from 
low-power spot illuminators to high-power area illuminators.’ 

Two typical approaches exist when designing a white light 
emitting diode (LED), which requires red, green, and blue 
components. The first method combines individual red, green, 
and blue LEDs into a single package; however, this approach 
results in distorted color and incurs a high cost requirement 
associated with fabricating three LEDs." Instead, the more 
widely practiced method incorporates down-converting phos- 
phor materials that convert the output of a single source to 
lower energy light. This can be accomplished through an 
ultraviolet source, which excites three down-converters; or a 
blue light source, where a portion of its light is down-converted 
to red and green.’ For applications involving high power 
densities (e.g., projection), the choice of phosphor is critical, as 
unfavorable photophysical properties can lead to precipitous 
drops in efficiency with increased power. 

While the high-performing yellow-based Y3Al,0,):Ce** 
(YAG:Ce**) can operate efficiently at high radiances, this 
phosphor’s spectrum prevents it from replicating a lower 
correlated color temperature (CCT).’°~'’ The phosphor’s 
emission spectrum can be corrected using two approaches: the 
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first method filters out a portion of the green emission as waste 
(Figure 1b), whereas the preferred method introduces a 
secondary down-converter to increase the red emission, 
minimizing waste energy (Figure Ic).°~"> Recently, Zhu et 
al. successfully demonstrated K,TiF,:Mn** as a secondary 
down-converter for YAG:Ce; however, high flux illumination, 
necessary for high-power applications such as projection, was 
not reported. © While K,TiF,Mn** has many advantageous 
properties, \° ~~ it also possesses a ~S ms excited-state 
lifetime,” which results in saturation at high power, deleterious 
for efficiency. 

The creation of a high-quality white light source can be 
accomplished with a multiphosphor system by designing an 
appropriate device architecture for high-power operation. It was 
demonstrated previously that a separate multilayered phosphor 
structure provided the highest performance; ~* however, there is 
a strong dependence on the phosphor materials used, device 
architecture, quantum efficiencies, and densities of the 
phosphor materials that need to be considered in the design.” 
To realize a high-power source, both scattering and saturation 
also need to be incorporated into the design protocol. 

In this work, we develop a design strategy, enabled by the 
color-corrected analysis of multiple phosphors (CCAMP), to 
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Figure 1. State-of-the-art YAG:Ce phosphor emission profiles and methods of color correction. (a) CIE color coordinates of YAG:Ce compared to 
standard blackbody radiation sources (black line). (b and c) Spectrally balanced emissions by filtering and spectral re-engineering. 
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Figure 2. Structure and optical properties of K,TiF,:Mn** phosphors. (a) XRD data for K,TiF, and K,TiF,:Mn** phosphor. (b) SEM image of 
K, TiFę:Mn* phosphor powder. (c) Elemental line scanning from a typical Mn**-doped K,TiF, microparticle and SEM of analyzed cross section. (d) 
Absorption and PL emission of K,TiF,:Mn** phosphors. The inset shows photographs of the K,TiF,:Mn** sample under UV lamp illumination. 


maintain the benefits of the high-efficiency YAG:Ce while 
spectrally engineering the emission through incorporation of 
red-emitting K,TiF,Mn**. This enables superior color for high- 
power white light sources. Using the CCAMP design model, we 
created a phosphor architecture to split the power between the 
high-performance phosphor and the red-emitting phosphor. 
We were therefore able to compensate for the saturation effects 
present in the K,TiF,Mn* and scattering effects induced by the 
high loading of YAG:Ce, thereby achieving record performance 
for high-power (5 kW/cm’) applications. 


© RESULTS AND DISCUSSION 


The red emitter K,TiF,:Mn** was synthesized as in previous 
reports. 6$ Pure K,TiF and Mn**-doped powders were 
characterized by XRD measurements (Figure 2a): diffraction 
peaks of the two samples can be indexed to tetragonal-phase 
K,TiF, (JCPDS No. 00-008-0488). The particle size of the 
phosphors from SEM images (Figure 2b) ranges from 30 to 
S00 um and shows a wide size distribution. Elemental line 
scanning for a typical Mn**-doped K,TiF, microparticle shows 
a similar distribution between manganese and titanium along 
the cross section (Figure 2c). This is in agreement with 


DOI: 10.1021/acsphotonics.6b00681 
ACS Photonics XXXX, XXX, XXX—XXX 


ACS Photonics 


(a) 1.0 


— 0.4 kWicm” tuecay=4.83ms 
0.8 — 1.6 KWicm” tyecay=4.43ms 
— 2.7 kWicm” tyeca=3-90Ms 
— 3.9 kWiem’ tyecay=3.58Ms 
— 5.0 kWiem tyecay=3.32ms 


0.6 


0.4 


0.2 


Normalized Intensity (a.u.) 


0.0 


Time (ms) 


— 
O 
— 


Power Conversion 
Efficiency (%) 


1 2 3 4, 
Power Density (kW/cm ) 


(b) 1.0 
> — T=30°C tyecay=3.32ms 
3 — T=40°C tuecay=3.25ms 
S 08 — T=60°C tuecay=3-09ms 
2 — T=80°C tuecay=2-85Ms 
5 — T=100°C tyecay=2.74ms 
5 06 
+ 
£ 
ke) 
G 04 
N 
T 
E 02 
pm 
° 
z 
0.0 
0 2 4 6 8 10 12 14 16 
Time (ms) 
(d) 200 
— T=20°C 
— T=40°C 
— T=60°C 
450 — T=80°C 


— T=100°C 


Intensity (a.u.) 


a 
o 


560 580 600 620 640 660 680 700 
Wavelength (nm) 


Figure 3. Emission characterization of K,TiF,:Mn** phosphors at high-power and high-temperature environment. (a) Photoluminescence lifetime 
dependence on power density. (b) Photoluminescence lifetime dependence on temperature at 5 kW/cm”. (c) Power conversion efficiency of 
K,TiF,:Mn** phosphor at varying temperature. (d) Emission spectra of K,TiF,:Mn** at varying temperatures at a power density of § kW/cm’. 


mapping measurements from scanning transmission electron 
microscopy (STEM, Figure S1). The molar ratio of manganese 
to titanium was estimated to be 10% based on the calibrated 
signal intensities of energy-dispersive spectroscopy. These 
results demonstrate Mn** ion doping in the K,TiF, matrix 
with uniform distribution throughout the microparticles. 

The intense absorption band of the K,TiFy:Mn** micro- 
particles (Figure 2d), positioned at 468 nm, overlaps well with 
the emission of conventional blue diodes. The overlap between 
the absorption of K,TiF,:Mn** and emission of YAG:Ce is 
negligible, thereby avoiding the reabsorption problem that 
usually occurs between (oxy)nitride red phosphors and yellow 
(or green) phosphors.” The red emission of K,TiF,:Mn** 
(Figure 2d) comprises three sharp peaks, with the main peak 
positioned at 631.5 nm (fwhm: 10 nm), with PLQYs up to 
95%, similar to literature values.” Their narrowband spectra 
and high PLQYs enable high efficiency and excellent color 
quality for white LEDs.'* 

The CCAMP design process considers the extent of both 
scattering and saturation, allowing for the design of a high- 
power illumination source. The relative scattering coefficients 
were obtained by measuring the transmission of the dense 
phosphor layers for a given thickness. To determine the cause 
and effect of saturation, the photoluminescence (PL) lifetime 
and efficiency of the red phosphor were investigated as a 
function of power (experimental methods can be found in the 
Supporting Information). From this information and incorpo- 


rating the scattering effects of the dense phosphor layers, a 1D 
model was built to investigate a range of phosphor 
architectures. Once the best architecture was obtained, we 
carried out a study to determine the appropriate ratio of red 
and green phosphors to achieve the desired white temperature. 

The PL lifetime of K,TiFy:Mn* was observed to be 4.8 ms; 
this can cause saturation as a result of nonradiative decays. Here 
we investigated the power- and temperature-dependent lifetime 
of K,TiF,:Mn** using 442 nm excitation. When we adjust the 
peak power density from 0.4 kW/cm? to 5 kW/cm?, the PL 
lifetime decreases by 31%, from 4.8 ms to 3.3 ms (Figure 3a). 
At 5 kW/cm’, it further decreases from 3.3 ms to 2.7 ms upon a 
temperature increase from room temperature to 100 °C 
(Figure 3b). The decrease in the PL lifetime for both high 
power density and high temperature indicate an enhancement 
of nonradiative processes, which are detrimental to high power 
density operation at elevated temperature. 

To determine the effect of saturation on performance, we 
measured the power conversion efficiency (PCE) with varying 
power and temperature (Figure 3c). Each temperature 
condition shows a decrease in PCE with increasing power, 
which is attributed to nonradiative decay. However, no 
temperature-dependent loss of efficiency occurs until both the 
highest power (5 kW/cm’) and temperature (100 °C) are 
reached. As a result, when the new phosphor is mixed with 
yellow phosphor, the temperature-induced saturation effect is 
expected to be negligible, as the power will be distributed 
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Figure 4. Engineering of a high-power, color-balanced white emitter based on the next-generation red phosphor. (a) Laser setup for excitation of 
phosphor and incorporation of blue source. (b) Test structures used to calculate red and yellow emission. (c) Spectrum of the YAG:Ce compared to 
the 55% and 60% K,TiF,:Mn“ structures. (d) CIE color coordinates of the samples at high flux excitation. (e) Luminous efficacy of two test samples 


and YAG:Ce with their respective CCTs. 


between the red and yellow phosphors. Furthermore, the 
sample shows minimal loss in its emission at § kW/cm? until 
the highest temperatures are reached (Figure 3d). 

To obtain white light emission, we designed a system that 
incorporated a pulsed blue excitation source used to excite 
down-converting phosphors YAG:Ce and K,TiF,:Mn** (Figure 
4a). The pulsed laser is used here to minimize saturation and 
thermal issues. Both phosphors were mixed into a silicone 
adhesive matrix (13% wt) to obtain a dense and smooth film, 
with a thickness less than 250 wm. The emission from the 
phosphors was efficiently transmitted through a dichroic mirror. 
For digital projection, this emission can be combined with an 
adjustable blue diode; for our analysis, we calculated the power 
required from a 467 nm source to produce the desired white 
color temperature (Figure 4a). 

As part of the CCAMP process, we modeled various 
phosphor architectures, with the goal of operating as a solid- 
state lighting solution, as well as a source for high-power 
displays and projectors. Three different types of designs were 
adopted: layering the YAG:Ce phosphor on top and the 
K,TiF,:Mn** phosphor as a base, the converse, and a 
homogeneous blend between the two materials (Figure 4b). 
We based our calculations on that provided by Kang”? and 
extended it to incorporate the alternate architectures, as well as 
scattering and saturation. The model assumes a 1D trans- 
mission within the phosphor, using the following equations: 


dP. 


dz = —@,,P(2) 
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T = -a,,,P. + ~a PP. 
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=- em P S P 
dz Qem em (z) aP ex (z) (3) 


These three equations describe the intensity of light 
propagating within the phosphor materials. The first equation 
describes the power of the excitation source, Pæ In this 
experiment, we used a 442 nm laser diode, focused to 
intensities up to 5 kW/cm*. This equation accounts for 
absorption by the red- and green-emitting phosphors. The 
absorption of both phosphors is incorporated into the 
coefficient @,, per unit length of the device, and thus a@,, 
depends on the phosphor composition in this layer. Equations 
2 and 3 describe the emission of the red and yellow phosphors 
in the forward (2) and reverse (3) directions, respectively. 
Within these equations, @,, is the energy loss of the phosphor 
emission and J is the conversion efficiency of the excitation 
source to phosphor emission. This J term shows a power 
dependence based on the excitation power, which decreases as 
it is partially absorbed throughout the phosphor. The 
phosphor’s emission power, P=,, was calculated for both red 
and yellow emission separately in the layered structures with 
P=, phosphor emission traveling forward into the device and 
Pim emission traveling backward to the surface of the device. 
Pim at z = 0 is the collected emission, as the system architecture 
operates in reflection mode. As a mirror is located at the back of 
the device, P.,,(t) = P%,,(f) at this position. The scattering of 
the excitation from the rear phosphor was calculated based on 
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the transmission properties of the top layer; this scattering is 
more pronounced in our system due to the higher loading 
densities when compared to lower power phosphor systems. 
The absorption saturation was incorporated into the 
K,TiFs:Mn** phosphor by using a linear fit to the PCE 
measured in Figure 3c and is incorporated into the J term for 
the K,TiF,:Mn** phosphor only. 

The results of the model (Table 1) show that when a red 
phosphor is used as a base, the scattering induced from the 


Table 1. Model Tesults for K,TiF,:Mn* and YAG:Ce 
Phosphor Structures” 


red coating/yellow yellow coating/red 


mixture base base 

green emission 25% 18% 44% 

red emission 22% 39% 16% 

total converted power 47% 57% 60% 
output 

color-corrected power 44% 31% 38% 
output 


“Excitation power converted to green and red emission shown. 
Desired color corrected power ratio of 55% green to 45% red 
emission. 


YAG:Ce phosphor coating significantly reduces the red 
collection. Alternatively, when the YAG:Ce is the base, the 
yellow collection suffers due to the scattering in the 
K,TiF,:Mn“ layer, and saturation of K,TiF,:Mn** limits the 
red emission. The homogeneous mixture, however, distributes 
the absorption and scattering losses throughout the entire 
device structure. This allows for the best balance between red 
and green power efficiency, which is a result of reduced red 
saturation. 

As the coating layer’s scattering has a detrimental effect on 
the lower layer, we chose to design the high-power devices 
using the red and yellow phosphor mixture. This allows us to 
distribute equally the scattering of both phosphors along the 
length of the device and not place the K,TiFe:Mn** under 
intense illumination, avoiding saturation. The highest perform- 
ing devices were composed of 55% and 60% K,TiF,:Mn** by 
weight. The spectra of these samples (Figure 4c) were used to 
calculate the color coordinates of the phosphor mixtures with 
different red K,TiF,:Mn** concentrations at 5 kW/cm” (Figure 
4d), in addition to the color temperature (Figure 4e). 

Increasing the concentration of red phosphor raises the 
saturation threshold, thereby increasing the overall red-emitted 
power and by extension the balanced external quantum 
efficiency. At K,TiF,:Mn** concentrations of 55% and 60%, 
the yellow phosphor still absorbs sufficient light to maintain its 
performance at high power densities. This allows for high 
external efficiency, while also allowing the red emission to be 
increased, thereby correcting the spectrum (Figure 4d). CCT 
analysis of the spectra indicate minimal fluctuation in the color 
temperature for the 60% K,TiF,:Mn** phosphor mixtures at 
low and high power, ranging from 4335 to 4368 K, respectively 
(Figure 4d intercept with Planckian locus). This implies that 
the effect of any saturation with K,TiF,:Mn** is insignificant in 
this mixed system, as the effective pump power was decreased 
by the absorption of the yellow phosphor. Due to the 
invariance in color emission, the device structure successfully 
alters the YAG:Ce white emission such that it more closely 
approximates that of a warmer blackbody radiator. Further- 


more, the phosphor mixtures exhibit high luminous efficacies, 
and thus high performance, at 5 kW/cm? (Figure 4e). 

To operate the phosphor mixture as a source for displays, we 
must split the spectrum into green and red sources that meet 
the Digital Cinema Initiatives (DCI) color space standard’s 
gamut. We introduced a 590 nm notch filter to separate the 
spectrum into green and red components, while removing a 
portion of the yellow emission. This allowed for the full gamut 
range required in digital projection. For the mixed systems of 
K,TiF,:Mn** and YAG:Ce, a balanced emission between red 
and green rendered the DCI white point with no waste energy. 
However, when separating the emission for the standalone 
YAG:Ce system, we remove a significant portion of the green 
emission to obtain the correct emission profile for the DCI 
white point. As a result, comparing to the mixture system, we 
achieved ~21% higher luminous efficacy when rendering white 
light, while also providing a wider gamut from the superior red 
source. 


© CONCLUSION 


We established a design protocol, CCAMP, for analyzing device 
architectures with the goal of producing a highly efficient white 
light source. The effectiveness of this design protocol was 
demonstrated through the combination of an efficient YAG:Ce 
phosphor with a red-emitting K,TiF,:Mn** phosphor. The 
structure was shown to have superior performance for adjusting 
the temperature of white light at high fluxes. This allows the 
device, which would conventionally suffer from saturation and 
scattering of the red emitter, to exhibit improved color emission 
as a source for higher power applications. This mixed phosphor 
system, compared to standalone YAG:Ce at 5 kW/cm’, 
provides a 21% luminescence improvement when used in 
cinematography, while for illumination it is capable of reducing 
the correlated color temperature to produce a warmer white 
light source. 
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